ABSTRACT: In the mammalian central nervous system, a remarkably small number of connexins is used in electrical synapses, with the majority formed from Cx36. A larger number has been detected in teleosts, with some seeming to serve restricted roles. Here, we report the discovery of a new connexin expressed in the zebrafish lens and a limited set of neurons. Zebrafish cx79.8 (gja8a), previously annotated incorrectly as cx50.5 based on a partial cDNA sequence, is a homologue of mammalian Cx50 (Gja8). We examined its expression through transgenic promoter-reporter constructs, in situ hybridization, and immunolabeling, and examined regulation of coupling in transfected HeLa cells. cx79.8 was expressed most strongly in the lens, but expression was also found in several groups of neurons in the cerebellum and related areas at the midbrain-hindbrain boundary, in cone photoreceptors, and in neurons in the retinal inner nuclear and ganglion cell layers. Labeling in the retina with antibodies against two C-terminal epitopes revealed numerous small punctate spots in the inner plexiform layer and along the somata of cones. Abundant gap junctions were labeled in the outer 1/3 of the lens, but were absent from the center, suggesting that the epitopes or the entire protein was absent from the center. Cx79.8 tracer coupling was strongly regulated by phosphorylation, and was extremely low in control conditions in HeLa cells due to protein phosphatase 2A activity. These properties allow coupling to be strongly restricted in situ, a frequently observed property for electrical synapses.
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INTRODUCTION
Electrical synapses are pervasive elements of neural circuits throughout the vertebrate central nervous system (CNS). Formed by gap junctions made of connexin proteins, electrical synapses support direct electrical communication between neighboring cells. Electrical synapses support rapid communication that can expand receptive field size, propagate oscillations, synchronize behaviors within a network, or even propagate electrical signals forward through circuits (O'Brien, 2014; Curti and O'Brien, 2016) .
The majority of electrical synapses in the vertebrate CNS appear to be formed from Connexin 35 (Cx35) (O'Brien et al., 1996) , the mammalian homologue of which is Cx36 (O'Brien et al., 1998; Sohl et al., 1998) . Cx35 and Cx36 are characterized by very small single channel conductance around 15 pS and very low voltage sensitivity Teubner et al., 2000) . Cx34.7, a connexin very closely related to Cx35, is also present in teleost fish (O'Brien et al., 1998) . Although far less studied than Cx35/Cx36, its properties appear to be similar (O'Brien et al., 1998) . Cx34.7 has been found in isolated electrical synapses in cone photoreceptors (O'Brien et al., 2004) and as the post-synaptic partner to Cx35 in heterotypic mixed synapses on Mauthner cells (Rash et al., 2013) . This configuration has recently been found to be widespread in the teleost brain (Rash et al., 2015) .
Gap junctions utilizing Cx35/Cx36 are regulated by phosphorylation by various protein kinases (Ouyang et al., 2005; Patel et al., 2006; Del Corsso et al., 2012) , showing at least an order of magnitude dynamic range of coupling directly dependent on phosphorylation state (Kothmann et al., 2009; Li et al., 2013) . Gap junctions utilizing Cx34.7 also show similar plasticity (Pereda et al., 1998; Li et al., 2009) , suggesting that this connexin is regulated in a similar fashion. The combination of small conductance and extensive plasticity endow electrical synapses utilizing these connexins with the ability to vary coupling from vanishingly small to moderate.
A few neural networks are characterized by very strong electrical coupling; retinal horizontal cells are a noteworthy example of such a network. These cells do not use Cx35/Cx36 (Deans and Paul, 2001 ), but rather several other connexins. Zebrafish horizontal cells have been found to express Cx55.5, Cx52.6 and Cx52.9 Zoidl et al., 2004; Klaassen et al., 2011) while mammalian horizontal cells use Cx57 (Hombach et al., 2004; Pan et al., 2012) , a homologue of Cx52.6, and Cx50 (O'Brien et al., 2006; Dorgau et al., 2015) . These connexins show much larger single channel conductances of 39-57 pS for Cx52.6, Cx55.5, and Cx57 Zoidl et al., 2004; Palacios-Prado et al., 2009) , and over 200 pS for Cx50 .
In zebrafish retina, some amacrine cells display unusually extensive tracer coupled fields and the ability to pass anionic fluorescent dyes freely through gap junctions (Miller et al., 2008) . It is unlikely that these properties are supported by Cx35, in particular because Cx35 gap junctions have been found not to pass anionic dyes in vitro (O'Brien et al., 2004; Ouyang et al., 2005) , although its mammalian counterpart has been reported to do so . This suggests that another type of connexin is used in gap junctions in some retinal amacrine cells. To identify candidate connexins, we searched for connexins expressed in the zebrafish retina by rtPCR. Here, we report that Cx79.8 (Gja8a), previously annotated erroneously as Cx50.5 based on partial sequence, is expressed in some neurons and we describe some of its functional characteristics.
METHODS

Experimental Animals
Wild-type, AB-strain zebrafish of both sexes were used in this study. The AB strain was originally obtained from the Zebrafish International Resource Center at the University of Oregon. Dr. Xinping C. Zhou (University of Texas Health Science Center at Houston) generously provided a Zebrafish opsin-GFP transgenic line used in some experiments. Animals were maintained in a 14 h light/10 h dark cycle at 288C. All procedures performed on animals, including breeding, transgenesis, experimental manipulations, and euthanasia, were approved by the institutional animal care and use committee.
rtPCR
Expression of connexin genes in adult zebrafish tissues or whole 1-5 days post-fertilization (dpf) fry was assessed by rtPCR. Animals were sacrificed by chilling in tank water on ice. Total RNA was purified from dissected tissues or whole fry using Tri-reagent (Sigma, St. Louis, MO) using the manufacturer's protocol. Reverse transcription and PCR were performed in a single tube using SuperScript One-step RT-PCR kit (ThermoFisher, Waltham, MA) and 0.5 lg of total RNA template. Primers used include for cx34.1:
Cx79.8 Cloning and Development of Transgenic Fish
The zebrafish genomic bac DKEY-18P12 (Accession number BX571845) was obtained from Source Bioscience (Nottingham, UK). To make an expression clone, the cx79.8 open reading frame was PCR amplified using Phusion polymerase (New England Biolabs, Ipswich, MA) with primers JOB407 Z79.8-CF-F 5 0 -CTAGCGTTTAA ACTTAAGCTTGTACACAGCTAATACACAACCATG-3 0 and primers JOB408 Z79.8-CF-R 5 0 -GGCCCTCTAG ACTCGAGTTGCTGAAATTTCTGTTTCTTGG-3 0 . The PCR product was cloned into pcDNA 3.1zeo (ThermoFisher) at the HindIII and XhoI sites using Gibson Assembly Master Mix (New England Biolabs). A GFP-tagged expression clone was made in a similar fashion using the pEGFP-N1 vector (Clontech, Mountain View, CA) cut at the XhoI and BamHI sites and DNA amplified using primers JOB346 Z80-EGFP-CF-F 5 0 -CCGGACTCAGATCTCGAGTACA CAGCTAATACACAACCATG-3 0 and JOB347 Z80-EGFP-CF-R 5 0 -GCGACCGGTGGATCCTTGGTCAGTCcTA TAGTTAGATCA-3 0 . Clones were sequenced on both strands.
To develop transgenic zebrafish, we used the Tol2 transposon system (Urasaki et al., 2006) . A 5.4 kb genomic fragment upstream of the cx79.8 open reading frame was amplified by PCR using Phusion polymerase (New England Biolabs) with primers JOB356 Z79.8-prom-CF-F 5 0 -TCACTTGGGCCCGGCTCGAGCACACAAATATGAC TCCTTGACTGTTG-3 0 and JOB357 Z79.8-prom-CF-R 5 0 -CTCAGGATCGGTCGACCTGCAGTTGCACAATGTCGG GTCCAC-3 0 . The amplified fragment was cloned by Gibson Assembly into the Tol2-EGFP reporter plasmid pT2AL200R150G (generously provided by Dr. Koichi Kawakami, National Institute of Genetics, Mishima, Japan) cut at XhoI and PstI sites. The ends of the cloned promoter fragment were confirmed by Sanger sequencing. Tol2 transposase mRNA was made by in vitro transcription from the pCS-TP plasmid (generously provided by Dr. Koichi Kawakami) using the mMessage mMachine kit (ThermoFisher). The transgene construct and Tol2 mRNA were coinjected into 1 cell stage AB strain zebrafish embryos, and the resulting fish were either used at 4 to 7 dpf for imaging studies or were raised to adulthood and bred to establish stable transgenic lines. EGFP expression in the lens was used to screen offspring for expression of the transgene.
EGFP expression in tissue sections was visualized by confocal microscopy as described in the section below for immunofluorescence. Some stable transgenic fry were imaged in a Zeiss (Thornwood, NY) Z.1 lightsheet microscope. Fry were deeply anesthetized with 0.15% Tricaine, immobilized in 0.5% low melt agarose (Sigma) in tank water, and drawn head-down into the imaging capillary. Imaging was performed at room temperature.
In Situ Hybridization
We performed in situ hybridization to localize cx79.8 mRNA in zebrafish retina. To make cx79.8 RNA probes, a 261 bp DNA fragment from the C-terminal coding sequence was amplified by PCR using the genomic Bac clone as a template and the following primer set: forward 5 0 taatacgactcactatagggTGGGGAAACAGAGGATAGCAA CT 3 0 , reverse 5 0 cgatttaggtgacactatagaAGGCGCTATG TCAGGAAGATTTG 3 0 . T7, or SP6 RNA polymerase promoters (lower case text) were incorporated into the primers, and digoxigenin-labeled antisense and sense strand RNA probes were synthesized by in vitro transcription using a MAXIscript kit (ThermoFisher) in the presence of digoxigenin-dUTP (Roche, Basel, Switzerland) following the manufacturer's instructions.
Adult AB strain zebrafish were sacrificed by immersion in 0.3% Tricaine (Sigma, St. Louis, MO) followed by decapitation. Eyes were rapidly dissected, the anterior segment removed, and the eyecup fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) in 0.1 M phosphate buffer, pH 7.5 (PB) for 48 h at 48C. The fixed eyecup was washed three times in DEPC-treated phosphate-buffered saline (PBS), pH 7.4, embedded in paraffin, and cut into 9 mm sections using a microtome. Retina sections were de-waxed, treated with 30 mg/mL proteinase K (Roche) in 100 mM Tris-Cl (pH 8.0), 25 mM EDTA at 378C for 20 min, and post-fixed in 4% paraformaldehyde in 0.1 M PB for 20 min. To reduce non-specific background, sections were incubated with 0.5% acetic anhydride in 0.1 M triethanolamine for 10 min. Hybridization was performed overnight with cx79.8 riboprobes at 608C in hybridization buffer (50% deionized formamide, 10% dextran sulfate, 13 Denhardt's solution, 43 SSC (600 mM NaCl, 60 mM Na 3 Citrate, pH 7.0), 10 mM DTT, 1 mg/mL denatured and sheared salmon sperm DNA). Sections were then washed at hybridization temperature with buffers at high stringency: 50% formamide with 23 SSC for 30 min, 13 SSC for 30 min, and 0.23 SSC for 30 min. Non-hybridized RNA probes were deactivated by treatment of 0.2 mg/mL RNase A (Sigma) at 378C for 30 min. Sections were treated with 2% H 2 O 2 in PBS for 10 min to quench endogenous peroxidase activity. The slides were then incubated with peroxidase-conjugated anti-DIG antibody (Roche) 1:400 in PBS, 0.3% Triton X-100 and TNB blocking buffer (PerkinElmer, Shelton, CT) overnight at room temperature. On the third day, color was developed with TSA plus Cy3 system (PerkinElmer, Waltham, MA) for 30 min. Sections were mounted with Vectashield mounting medium with DAPI (Vector Labs, Burlingame, CA), and imaged on a Zeiss LSM 510 confocal microscope.
Antibody Development and Immunostaining
We developed polyclonal antibodies against two epitopes in the C-terminus of Cx79.8. Antibody Cx79.8-345 was targeted against the sequence ELPTEEPPREGDEVDSLKT and antibody Cx79.8-645 was targeted against the sequence QEDESVKTGDLEKEEYSEESK. Peptides representing the epitopes were synthesized with an added C-terminal cysteine, linked to keyhole limpet hemocyanin via the cysteine thiol with a maleimide linker, and injected together into rabbits. Peptide synthesis, linking, immunizations and bleeds were performed by ThermoFisher (Pierce, Rockford, IL). Antibodies were affinity purified sequentially from crude antisera as previously described (Kothmann et al., 2007) . Antibodies were eluted with an ethylene glycolMgCl 2 solution that minimizes antibody inactivation (Tsang and Wilkins, 1991) , and were dialyzed against PBS, concentrated and stored in PBS plus 30% glycerol.
For immunofluorescence localization of Cx79.8 in adult retina, eyecups were prepared from AB strain zebrafish as previously described. The eyecup was fixed at room temperature with 4% paraformaldehyde in 0.1 M PB for 30 min. For immunofluorescence localization of Cx79.8 in fry, 5 dpf AB fry were sacrificed by chilling on ice and were fixed with 4% paraformaldehyde in 0.1 M PB for 30 min. Fixed tissue was cryoprotected in 30% sucrose overnight at 48C and embedded in OCT (Sakura Finetek, Torrance, CA). Tissue was sectioned at 16 mm using a cryostat and blocked with 5% donkey serum (Jackson ImmunoResearch, West Grove, PA) in PBST (PBS with 0.3% Triton X-100) at room temperature for 30 min. Sections were incubated with primary antibodies in PBST plus 5% donkey serum overnight at room temperature. Rabbit anti-Cx79.8 antibodies were used at 1 mg/mL. Some experiments also included goat anti-cone arrestin (0.4 mg/mL, Santa Cruz Biotechnology, Santa Cruz, CA). Following extensive washing with PBS, sections were incubated with secondary antibodies including 1 mg/mL Alexa Fluor 488 donkey antirabbit IgG (ThermoFisher) and 1 mg/mL Cy3 donkey antigoat IgG (Jackson) at room temperature for 3 h. Nuclei were counterstained by mounting sections with Vectashield mounting medium with DAPI (Vector Labs). Antibodies were also tested against HeLa cells transiently transfected with Cx79.8-EGFP or EGFP alone (see Tracer Coupling section for transfection and culture conditions). Immunostaining conditions were the same as above except that antiCx79.8 antibodies were used at 0.25 mg/mL and detected with 2 mg/mL Cy3 donkey anti-rabbit IgG (Jackson) secondary antibodies. Samples were imaged on a Zeiss LSM 780 confocal microscope.
Tracer Coupling
Functional tracer coupling was assessed in transiently transfected HeLa cells (Cat# CCL-2) obtained from American Type Culture Collection (Rockville, MD,). All media, fetal bovine serum and cell culture reagents were obtained from Invitrogen (Grand Island, NY). HeLa cells were grown in complete MEM supplemented with 10% fetal bovine serum and 1% antibiotic-antimycotic (penicillin/streptomycin/ amphotericin B) and plated onto 12 mm cell culture coverslips (ThermoFisher). Cells were grown to 75% confluence overnight in 35 mm culture dishes and transiently transfected with 2 mg of plasmid DNA per dish using GenePORTERV R 2 transfection reagent (Genlantis, San Diego, CA). Plasmids transfected included the Cx79.8-EGFP and Cx79.8-pcDNA constructs described above, or EGFP-N1 empty vector (control). Experiments were performed 24 h after transfection, and 2 h after replacement of culture medium with fresh medium.
Transfected HeLa cell coverslips were incubated in oxygenated Ringer's medium at 348C for 10 min with or without protein kinase A (PKA) activator Sp-8-cptcAMPS (10 lM; Axxora, Farmingdale, NY), PKA inhibitor Rp-8-cpt-cAMPS (10 lM; Axxora), or PP2A inhibitor Microcystin-LR (0.5 nM; EMD Millipore, Billerica, MA). The medium was supplemented with 0.05% Neurobiotin (Vector Labs) and cells were scraped with a 26-gauge needle. Incubation with Neurobiotin was continued for 10 min to allow loading and diffusion. Cells were then washed three times with Ringer's medium at 2-min intervals to remove extracellular Neurobiotin and fixed with 4% paraformaldehyde in 0.1 M phosphate buffer. When used, drugs were added to the oxygenated incubation medium 10 min before the scrape for pre-incubation and replaced with fresh drug on Neurobiotin addition. Drugs were present throughout the 10 min tracer diffusion period. Following fixation, cells were probed with streptavidin-Cy3 (Jackson) and photographed on a Zeiss fluorescence microscope (Axiovert 200 with 403, 0.5 NA Hoffman Modulation Contrast objective) with a Hamamatsu C4742-95 digital camera using HCImage software (Hamamatsu, Sewickley, PA). Five images were taken of different patches of loaded cells for each experiment and treated as replicates in the data analysis.
The diffusion coefficient of Neurobiotin through the coupled network of HeLa cells was determined from fluorescence intensity data using a compartmental diffusion model (Zimmerman and Rose, 1985) . The analysis utilizes a linear 25-compartment diffusion model to fit Neurobiotin concentration and diffusion distance measurements (O'Brien et al., 2004) . This model has been applied to neural networks to assess gap junction coupling in the retina (Mills and Massey, 1998; O'Brien et al., 2004; Li et al., 2009 ). The movement of tracer between adjacent compartments is described by a series of 25 differential equations that are solved for tracer flux given the total amount of diffusion time and a diffusion coefficient k. The diffusion coefficient k represents the proportion of tracer that diffuses from the first compartment to the next per second. Optimal fitting of intensity data to the model was determined in MatLab (Mathworks, Natick, MA) by varying the diffusion coefficient k and another parameter, bo, the bolus loading rate. The parameter bo is defined as the rate of addition of tracer to the initial compartment for the loading period, which was assumed to be 1 min in the scrape-loading experiments, and was set to zero thereafter. Data fits were determined by plotting cell intensities on a log intensity axis and determining the diffusion coefficient k that best fit the rate of decline of tracer intensity with distance from the cell of origin, and the rate of delivery, bo, that fit the overall tracer concentration (Mills and Massey, 1998; O'Brien et al., 2004; Ouyang et al., 2005) . Replicate measurements were averaged to yield a single value for each treatment condition in each experiment. Diffusion coefficients were compared under different drug treatment conditions using unpaired T-tests.
RESULTS
Identification of Connexins in Retinal mRNA
We have previously observed that some amacrine cells in the zebrafish retina are extensively gapjunctionally coupled to neighbors, passing both the small cationic tracer Neurobiotin and the anionic dye Lucifer Yellow freely (Miller et al., 2008) . The dominant connexin in the retinal inner plexiform layer (IPL), Cx35, does not pass Lucifer Yellow dye, implying that a different connexin is responsible for the extensive coupling of these cells. Teleost horizontal cells pass Lucifer Yellow, but imunostaining results with Cx55.5 and Cx52.6 are not consistent with their expression in amacrine cells (Shields et al., 2007) . Cx50 of mammalian axonless horizontal cells ) also passes Lucifer Yellow and teleost homologues of Cx50 might be expected to do the same. To test for the possible expression of Cx50 homologues in zebrafish retina, we performed rtPCR on retinal mRNA for several connexin isoforms. The Cx50 homologue cx44.1 has previously been detected in a zebrafish retinal cDNA library, along with cx48.5, another related lens connexin gene that is homologous to Cx46 (Zoidl et al., 2008) . We did not detect either of these connexins by rtPCR from zebrafish retina mRNA ( Fig. 1 ; some data not shown), but we did detect transcripts for a different Cx50 homologue annotated as cx50.5. Transcripts of this connexin were also prominently detected in the anterior portion of the eye containing the lens, while the neuronal connexin cx34.1 was detected only in the retinal portion of the eye (Fig. 1) .
Cx50.5 Is Actually Cx79.8
Cx50.5 is annotated based on on a partial cDNA sequence (Accession number GQ253466). The gene is mapped to linkage group 9 at 30.619 to 30.633 Mb in the Ensembl zebrafish genome version 82.10. This sequence is contained in bac DKEY-18P12 (Accession number BX571845) from the Sanger Institute Zebrafish genome sequencing project. Alignment of the cDNA and genomic sequences reveals a gene with two exons and a single open reading frame in the second exon 2127 bp in length encoding a typical connexin protein of 79.8 kDa. The gene structure and open reading frame are correctly annotated in Ensembl and other databases so the gene structure is not illustrated here. Alignment of the predicted amino acid sequence with those of zebrafish Cx44.1, mouse Cx50, and chicken Cx45.6 reveals a high degree of sequence conservation throughout the amino terminus, transmembrane domains, and extracellular loops and modest conservation in the cytoplasmic loop (Fig. 2) . There is far less sequence conservation in much of the C-terminus, but the final 17 amino acids of the C-terminus are highly conserved, suggesting important functional relevance. This also suggests that we have identified the correct C-terminus of Cx79.8. Alignment of the cx50.5 cDNA with cx79.8 reveals that this sequence ends within the C-terminal domain and is not shorter due to mRNA splicing. The endpoint of the cx50.5 sequence is annotated in Figure 2 .
Expression Analysis of cx79.8
To study expression of the cx79.8 gene, we developed a GFP reporter transgene construct driven by a 5.4 kb upstream genomic fragment encompassing the presumed transcription initiation site of cx79.8. Expression of this construct (25.4 cx79.8::EGFP) in stable transgenic animals resulted in strong GFP expression in the lens as well as weak expression in the brain in 3 dpf zebrafish larvae [ Fig. 3(A,B) ]. Using high-resolution light sheet imaging [ Fig.  3(C,D) ], more detail was evident in the GFP expression pattern in the lens, including outlines of fiber cells in the apical view [ Fig. 3(D) ]. With this imaging modality, it was evident that GFP expression in the Figure 1 RtPCR analysis of connexin expression in zebrafish eyes. PCR products shown are derived from mRNA isolated from (A) the anterior segment of the adult eye including lens, cornea, sclera, and ciliary body, (P) the posterior portion of the adult eye including sclera, choroid, retina and pigmented epithelium, and (E) whole 5 dpf fry. Bactin was used as a control. While cx44.1 was detected only in the anterior portion of the eye containing the lens, cx50.5 was detected as well in the posterior portion of the eye containing the retina, along with the more expected cx34.1. brain was largely restricted to a series of cells along the midbrain-hindbrain boundary [ Fig. 3(E-H) ]. In a dorsal plane of focus [ Fig. 3(E) ], weak GFP expression was visible in a sheet of cells in the granular eminence (ge) of the cerebellum. Moving ventrally to a region centered 44 lm lower [ Fig. 3(F) ], dense clusters of well-labeled cells adjacent to the midline were in the valvula cerebelli, while similar clusters lateral and posterior to them may be cerebellar or may be within midbrain nuclei. In a projection centered 59 lm ventral to the previous [ Fig. 3(G) ], the most lateral group of cells, originating in a midbrain nucleus, projected axons up to the optic tectum [higher magnification view in Fig. 3(H) ]. In the more dorsal planes of focus, these projections could be seen spreading through the optic tectum in a single layer [arrowheads in Fig. 3(E,F) ]. A z-axis projection in the region of these cells is shown in Figure 3 (I). From this it is evident that there are interconnections within the labeled region as well as projections out of it (arrowheads). Further research will be required to identify these groups of neurons, their connections, and their projections. A group of cells adjacent to the inner ear appeared to be labeled via autofluorescence similar to surface iridopohores [ Fig. 3(F-H) ].
In the retina, transient transgenic GFP expression was evident at 5 dpf diffusely in the inner and outer plexiform layers (OPLs) [Fig. 4(A) ], but no cell types could be resolved. To examine retinal expression more closely we examined three stable transgenic lines expressing the 25.4 cx79.8::EGFP construct. In adult zebrafish of all three lines, robust GFP expression was observed in photoreceptors morphologically consistent with cones [ Fig. 4 
(B-D)]. Figure 4(D)
Figure 2 Alignment of predicted amino acid sequences of the zebrafish Cx50 homologues Cx79.8 and Cx44.1 with mouse Cx50 and chicken Cx45.6. Alignment symbols below the sequences indicate complete identity among all four sequences (*), high conservation of amino acid character (:), and modest conservation (.). Predicted transmembrane domains are highlighted with gray boxes and labeled M1 -M4. The end point of the cx50.5 cDNA sequence is designated by the dashed line through the alignment. Epitopes used to generate anti-Cx79.8 antibodies are outlined and labeled. Note the high degree of sequence conservation at the tip of the C-terminus.
shows adult retina from line 3 double-labeled with an antibody to cone arrestin. While this antibody appears to label only the members of the double cones in the zebrafish retina, most of these cones do express GFP in this line. Morphologically identified short single and long single cones also expressed GFP. Weak GFP expression was evident in some cells of the inner nuclear layer (INL) and ganglion cell layers (GCL) [Fig. 4(B,C) ]. To test whether the transgene reporter expression was consistent with native gene expression, we performed in situ hybridization to label cx79.8 mRNA transcripts in wild type adult zebrafish. Figure 4 (E) shows that the antisense probe labeled cells in the outer photoreceptor layer, consistent with cones, and in the INL and GCL. Sense strand labeling is shown in Figure 4(F) . The signals produced with the antisense probe were uniformly weak, requiring long development time and resulting in relatively high background signal. However, the results indicate that cx79.8 transcripts were present in a similar set of cells as suggested by reporter gene expression.
To examine localization of Cx79.8, we developed antibodies against two epitopes in the C-terminus of the protein. Both epitopes are located in regions that are not homologous between Cx79.8 and its closest homologue Cx44.1. The epitope for antibody Cx79.8-345 is located within the sequence contained in the Cx50.5 cDNA while that for antibody Cx79.8-645 is located well downstream (Fig. 2) . Both antibodies specifically labeled EGFP-tagged Cx79.8 expressed in HeLa cells [ Fig. 5(A,D) ] but not EGFP alone [ Fig. 5B,E) ]. In 5 dpf zebrafish fry, both antibodies labeled abundant gap junctions in the outer layers of the lens [ Fig. 5(C,F) ], as predicted by the marker gene expression analysis. Labeling was not present in the center of the lens. This could reflect proteolytic degradation of the C-termini of connexins in older lens fiber cells, as has been found for both Cx50 and Cx46 in sheep lens (Kistler et al., 1990; Lin et al., 1997) , or it could represent initiation of Cx79.8 expression after formation of the lens nucleus. The fact that antibody Cx79.8-645 labeled natural gap junctions in the lens is further evidence that the open reading frame we describe coding for the 79.8 kDa protein is the natural one.
In adult zebrafish retina, crude antiserum containing both antibodies yielded prominent clusters of signal at the level of cone inner segments that were larger than any ultrastructurally identified gap junction from this area reported in fish [ Fig. 6(A) ]. These signals were not in rods, which were labeled in this sample via expression of GFP driven by a rhodopsin promoter. Fine punctate labeling more consistent with gap junctions was also present in all other layers of the retina. The separate, affinity-purified antibodies gave slightly different labeling patterns. Ab Cx79.8-345 labeled prominent clusters of objects in cone photoreceptor inner segments [ Fig. 6(B) ], as well as fine punctate signals along the somata of cones, in the OPL, and in the IPL. The more Cterminally positioned Ab Cx79.8-645 gave abundant punctate label at the surface of cone photoreceptors largely along the inner segments, sparse punctate label in the OPL and INL, and abundant punctate label in the IPL [ Fig. 6(C) ]. The differences in labeling pattern within cones between the two antibodies suggests that some label in the cones may be non-specific, although the prominent expression of EGFP from the cx79.8 promoter in photoreceptors does suggest that the labeling could represent actual connexin expression. The punctate Cx79.8 immunostaining in the OPL and ONL resembled previously characterized immunostaining of photoreceptor gap junctions [e.g., (Li et al., 2009) ]. The Cx79.8 labeling in the IPL resembled Cx35 labeling in this region (O'Brien et al., 2004; Kothmann et al., 2007) , although it was weaker and sparser. This labeling could be contributed by any of the cell types that synapse in the IPL, including amacrine, bipolar, and ganglion cells. The immunostaining results suggest that several neuronal types express Cx79.8 in the zebrafish retina.
Functional Properties of Cx79.8
To examine functional properties of Cx79.8, we subcloned the cx79.8 open reading frame into the mammalian cell expression vectors EGFP-N1 with a C-terminal EGFP tag and pcDNA 3.1 untagged. We performed Neurobiotin tracer coupling experiments in transiently transfected HeLa cells, testing regulation of coupling by the PKA pathway. In a manner very similar to Cx35 (Ouyang et al., 2005; Patel et al., 2006) , Cx79.8 showed very little coupling above the background in control conditions [ Fig.  7(A,B) ], but showed a strong increase in coupling in the presence of a PKA inhibitor (Rp); activating PKA did not significantly change coupling. (Kothmann et al., 2009) showed that the PKAdriven uncoupling of rabbit AII amacrine cells mediated by Cx36 was a result of activation of protein phosphatase 2A (PP2A) by PKA activity. To test whether this signaling mechanism might be at work with Cx79.8 in HeLa cells, we tested the effects of 0.5 nM Microcystin LR, a selective inhibitor of PP2A. Fifteen minute pre-treatment with Microcystin increased coupling to a level comparable to that achieved by inhibiting PKA, suggesting that PP2A dephosphorylation was responsible for suppressing coupling in HeLa cells [ Fig. 7(B) ]. Finally, to test whether a C-terminal EGFP tag influenced regulation of coupling, we repeated the experiments above with untagged Cx79.8 [ Fig. 7(C) ]. All aspects of regulation of coupling were the same in the untagged connexin as we observed with the EGFP-tagged form. 
DISCUSSION
Redundancy of Lens Connexin Genes
Gap junction coupling is a critical feature of cellular organization in the vertebrate lens. The long-lived lens fiber cells persist throughout the life of the organism, maintaining metabolic equilibrium through solute exchange via extensive gap junction coupling in spite of the loss of most cellular organelles (Goodenough, 1992) . In vertebrates that have been studied, two different connexins coexist in abundance among fiber cells. These are Gja3, for example, Cx46 of mammals (Paul et al., 1991) and Cx56 of chicken (Rup et al., 1993) , and Gja8, for example, Cx50 of mouse (White et al., 1992) and Cx45.6 of chicken (Jiang et al., 1994) . Cx43 (Gja1) is also expressed in lens, generally being restricted to the lens epithelium (Beyer et al., 1989; Musil et al., 1990) . Mutations in either lens fiber cell connexin cause cataracts in humans (Mackay et al., 1997; Mackay et al., 1999) , as does knockout of either connexin gene in mice (Gong et al., 1997; White et al., 1998) , implying that the two connexins are not fully functionally redundant.
Homologues of all three connexins have been found in zebrafish lens (Cheng et al., 2003) , with Gja3 homologue Cx48.5 and Gja8 homologue Cx44.1 present along with zebrafish Cx43. Morpholino knock-down of cx48.5 results in development of small lenses (Cheng et al., 2004) , although a cataract phenotype has not been demonstrated related to a connexin in zebrafish. Our finding that a second Gja8 homologue, Cx79.8, is also expressed in zebrafish lens reveals a higher level of apparent redundancy in this species compared to mammals. The evolution of the teleost lineage includes a relatively recent whole genome duplication event that results, in general, in the presence of two genes orthologous to each gene present in mammals and most other vertebrates (Taylor et al., 2001 ). This situation allows for functional diversification of genes and has been proposed to have allowed for diversification of the teleost clade (Santini et al., 2009) , along with many specific specializations. Duplicated orthologues of vertebrate genes are not necessarily found in the same tissues in teleosts, but they are in the case of the Gja8 pair in zebrafish lens. The extensive sequence divergence of the C-terminal domain of Gja8a (Cx79.8) and Gja8b (Cx44.1) suggests that these two connexins may have developed different properties that allow functional specialization in the lens.
A Lens Connexin Is Used in Neuronal Electrical Synapses
While the vertebrate connexin family includes more than 20 members in mammals and nearly 40 in Figure 6 Cx79.8 antibody labeling in adult retina. (A) Lableing with crude anti-Cx79.8 antiserum containing both antibodies (green) in retina of an opsin-GFP (red) transgenic zebrafish in which rod photoreceptors are labeled. Nuclei are labeled with DAPI in blue. Antibody labeling includes prominent clumps in the photoreceptor layer, but not in rods, as well as widespread punctate labeling. (B) Labeling with affinity-purified Cx79.8-345 antibody (green) in retina double-labeled with an antibody to cone arrestin (red). Note prominent clumps in some cone inner segments, fine punctate labeling along the surface of cone somata and terminals, and sparse punctate labeling in the IPL. (C) Labeling with affinity-purified Cx79.8-645 antibody (green) in retina double-labeled with an antibody to cone arrestin (red). Note fine punctate labeling along the surface of cone somata and abundant punctate labeling in the IPL. PR -photoreceptors; OPL -outer plexiform layer; IPLinner plexiform layer. Scale bars are of the same dimensions in all panels. teleost fish (Cruciani and Mikalsen, 2006) , very few are used in neurons to form electrical synapses (Meier and Dermietzel, 2006) . Cx36 and its nonmammalian orthologues and paralogues are the dominant neuronal forms. However, a growing number of other connexins has been found to be expressed in limited sets of neurons, particularly in the retina. Among these, Cx50 (Gja8) has been found in axonless horizontal cells in rabbit retina , where it supports the most extensive coupling of any retinal network, and at a low expression level in mouse horizontal cells (Dorgau et al., 2015) . Thus, it is not entirely surprising that we have found zebrafish Cx79.8 expressed in retinal neurons and in neurons elsewhere in the CNS. Curiously, we did not find evidence of Cx44.1 expression in the retina, suggesting that functional specializations of the two connexins may make Cx79.8 more suitable for use as an electrical synapse.
The most surprising aspect of the expression pattern of Cx79.8 was its expression in cone photoreceptors. Cone photoreceptors in fish have already been shown to use two connexins, Cx35 and Cx34.7, which both make very small gap junctions among the photoreceptor terminals and telodendria (O'Brien et al., 2004) . Labeling with anti-Cx79.8 antibodies gave some indication that there may be some small Cx79.8 gap junctions on photoreceptor terminals, but the two antibodies also produced quite unexpected labeling of protein along cone somata and inner segments. It is not clear that this represents gap junctional protein. Indeed the dense clusters labeled by Ab Cx79.8-345 appear to be within the cytoplasm of cones, and Ab Cx79.8-645 does not appear to label these clusters. Is this a result of non-specific labeling? This is possible, but the strong expression of GFP in cones driven by the cx79.8 promoter suggests that the connexin should be present in these cells. Differences in labeling by the two antibodies could be a result of proteolytic loss of the more C-terminally situated 645 epitope in some pools of protein, or perhaps masking of either epitope in some pools of protein. If this is the case, particularly the former hypothesis, the strongly labeled clusters may represent Cx79.8 in a compartment where it is degraded.
If the punctate labeling at the surface of cone somata and inner segments represents gap junctional connexins, this represents a significant pool of gap junctions that are molecularly distinct from those among the photoreceptor terminals. There is substantial evidence that gap junctions exist among the somata and inner segments of cones. These were detected by electron microscopy in the perinuclear region of catfish cones (Witkovsky et al., 1974) . In amphibian retina, gap junctions are very numerous among the myoid fins that radiate from the inner segments of both rods and cones (Custer, 1973; Fain et al., 1976) . In salamander, these have been shown to contain Cx35 in both rods and cones (Zhang and Wu, 2004) . Thus it is conceivable that the Cx79.8 labeling represents a previously unrecognized set of gap junctions among zebrafish cone photoreceptors.
Outside of photoreceptors, punctate labeling for Cx79.8 was widespread in the IPL of the retina. Presuming that these represent gap junctions, this connexin may be used in a wide variety of circuits. All of the presumed gap junctions were very small, with none approaching the large plaques seen in some horizontal cells. GFP reporter expression also indicates that this connexin is expressed in a limited number of neurons outside of the retina, including in the cerebellum. Additional research is required to characterize these neurons.
Plasticity of Cx79.8 Electrical Synapses
Our tracer coupling experiments in transfected HeLa cells show that Cx79.8 is capable of extensive functional plasticity. Inhibition of PKA or protein phosphatase 2A opened up tracer coupling more than twofold higher than the baseline, indicating that a signaling pathway involving PKA activation of PP2A and dephosphorylation of Cx79.8 suppresses coupling. Like fish Cx35, Cx79.8 showed almost no tracer coupling above background in transiently transfected HeLa cells. HeLa cells support background tracer coupling mediated by connexin 45 expression. This coupling generally shows no significant changes with most pharmacological treatments [ Fig. 7(A) ], but see (Wang et al., 2015) for a very small response to PKA inhibitor). Keeping in mind that the control coupling in Cx79.8-EGFP and Cx79.8 untagged experiments is at the same level as the Cx45 background, the coupling opened up by PKA or PP2A inhibitors represents a far greater dynamic range than the twofold indicated in the experiments, and shows that Cx79.8 channels are capable of almost complete closure when conditions suppress phosphorylation of the connexin. This property is similar to that of Cx35 and Cx36 and appears to be a useful property for an electrical synapse. Zebrafish photoreceptors support very extensive tracer coupling at night in darkness, but become almost completely uncoupled in the daytime (Li et al., 2009) , showing a dynamic range of about 20-fold (Li and O'Brien, 2012) . We have previously presumed that this photoreceptor coupling was supported largely by Cx35 gap junctions, but the results of this study suggest that Cx79.8 may specifically contribute to coupling among the cones.
In stark contrast to its paralogue Cx44.1, Cx79.8 has a remarkably long C-terminal domain, the longest of any currently described connexin. We believe that it is likely that this C-terminal domain is proteolytically processed in the central portion of the lens, as suggested by loss of antibody labeling in this area even in young zebrafish fry. Proteolytic cleavage of the C-terminus of mammalian Cx50 has been found to reduce its sensitivity to acidification-induced channel closure (Lin et al., 1998) , and might be expected to reduce the dependence of Cx79.8 opening on phosphorylation. Such processing might stabilize the open channels needed for metabolic homeostasis in the lens. Of course, further experiments will be required to test this hypothesis. Within retinal neurons, only very small clusters that contain the full Cx79.8 protein were detected using the Cx79.8-645 antibody. It remains possible that neurons also contain proteolytically cleaved Cx79.8 in gap junctions that is not detectable by either of our antibodies.
